Formation of liquid ordered domains in model membranes can be linked to raft formation in cellular membranes. The lipid stoichiometry has a governing influence on domain formation and consequently, biochemical hydrolysis of specific lipids has the potential to remodel domain features. Activation of Phospholipase A2 (PLA2) by ternary model membranes with the components (DOPC,DPPC,Cholesterol) can potentially change the domain structure by preferential hydrolysis of the phospholipids. This work investigates by fluorescence microscopy the changes in domain features which occurs upon PLA2 activation by such ternary membranes. Double supported membranes are used, which have minimal interactions with the solid support. For membranes prepared in the coexistence region, PLA 2 induces a decrease of the liquid disordered (L d ) phase and an increase of the liquid ordered (L o ) phase. A striking observation is that activation by a uniform membrane in the L d phase leads to nucleation and growth of Lo-like domains. This phenomenon relies on the initial presence of cholesterol and no PLA 2 activation is observed by membranes purely in the L o phase. The observations can be rationalized by mapping partially hydrolyzed islands onto trajectories in the phase diagram. It is proposed that DPPC is protected from hydrolysis through interactions with cholesterol, and possibly the formation of condensed complexes. This leads to specific trajectories which can account for the observed trends. The results demonstrate that PLA 2 activation by ternary membrane islands may change the global lipid composition and remodel domain features while preserving the overall membrane integrity. 
Introduction
Knowledge of the mechanisms that control lateral structure formation in biomembranes is crucial for understanding how membranes become organized. Domain formation in model membranes has been intensely studied in the last decade since the proposition of the raft hypothesis [1, 2, 3] . Rafts are expected to be nanoscale regions of biological membranes that are linked to important cellular processes and signaling pathways [4, 5] .
Model membranes have provided a fundamental understanding of how phase separation and domain formation and can be regulated by the lipid components [6] . More specifically, the phase diagram of ternary membranes composed of cholesterol, a saturated and an unsaturated lipid, typically displays a two-phase coexistence region of the liquid disordered L d and liquid ordered L o phases. Based on a compositional analysis of biological membrane fragments [7] , the liquid ordered state in model membranes is taken to be relevant for certain aspects of rafts. Because the lipid composition controls the formation of domains, enzymatically catalyzed reactions that modify the lipid composition have the potential to induce or remodel domain features.
The interfacially activated enzyme Phospholipase A 2 (PLA 2 ) can modulate the lipid composition of membranes by catalytic hydrolysis at the sn-2 position of glycerophospholipids, producing fatty acids (FA) and lysophospholipids (LysoPC) [8, 9, 10] . PLA 2 activation has a significant influence on physiological functions such as inflammation [11, 12] . Although extensively studied by bulk assays during the past more than 30 years, the remodeling of membrane structures by PLA 2 is still poorly understood. In particular more information is needed as to how the membrane morphology is modulated during PLA 2 activation and how this morphology is coupled to the membrane phase state (solid, liquid disordered, liquid ordered). PLA 2 activation has been characterized with bulk techniques such as pH-stat titration [13] , (first-order) monolayer trough [14] , zero-order trough measurements [15, 16] and fluorescence spectroscopy [17] . However, in order to establish a link between membrane morphology (on a nm-µm scale) and PLA 2 activity, it is necessary to obtain time-resolved imaging of the hydrolysis process. This has only recently become available.
Several classes of membrane model systems are available, among these are giant unilamellar vesicles (GUVs) [18] and supported membranes. Supported membranes have inherent advantages in the characterization techniques that can be applied and the planar geometry facilitates image interpretation and analysis. Single supported membranes prepared by vesicle fusion or Langmuir-Blodgett deposition are widely used, but are prone to unwanted interactions with the support surface that can alter membrane properties compared to a free-standing membrane [19, 20] . These issues are largely overcome by utilizing a double supported (distal) membrane which is separated from the solid support by a lower (proximal) membrane. We have recently developed a procedure to prepare single and double supported bilayers based on the hydration of spin-coated lipid films [21] . We have found this method to be applicable to all membrane compositions tested and to be robust towards the presence of salt in the aqueous phase. Full coverage of the proximal bilayer is easily obtained by appropriate adjustment of the lipid concentration in the coating solution. Patches or extended regions of double bilayers are easily prepared [22] . We recently demonstrated [23] that double supported ternary membranes can display circular domain morphologies which are highly similar to the ones observed in GUVs.
In the last decade, direct imaging by Atomic Force Microscopy (AFM) of supported membranes subjected to enzymatic hydrolysis has been reported in a number of studies. Most PLA 2 studies have been done with membranes in the solid ordered (S o ) phase such as DPPC [24, 25, 26, 27] and facilitated by the mechanical stability of solid membranes. Some studies have also reported on the activation of triacylglycerol lipases by mixed supported bilayers of DPPC and glycerolipids [28, 29] . However, membranes in the fluid state are much more relevant as biological model systems, but their increased lateral lipid mobility makes them more difficult to study over extended times using AFM. Based on recent advances in sample preparation methodology [21] we have demonstrated by fluorescence microscopy [30] that PLA 2 activation by a fluid supported membrane can result in complex restructuring of the membrane morphology during hydrolysis. This behavior is not seen in solid membranes and is attributed to the combined effect of line tension and membrane fluidity. Although addressed by bulk assays [31, 32] , only few studies have visualized the enzymatic remodeling of membranes with a particular lipid-controlled lateral structure such as domains [33] . One example is the activation of PLA 2 by double supported membranes in the ripple phase [34] . This study demonstrated changes in the ripple spacing and eventual disappearance of the ripples, suggesting that PLA 2 induces lipid compositional changes while maintaining membrane integrity. Recently, two separate AFM studies of ternary membranes (DOPC, SM, cholesterol) exposed to sphingomyelinase, demonstrated how in-situ generation of ceramide leads to formation of elevated subdomains [35, 36] . This paper reports on PLA 2 activation by ternary model membranes composed of two phospholipids (DOPC,DPPC) and cholesterol. Time-lapse fluorescence imaging documents the effect of PLA 2 on preexisting domains and demonstrates a phenomenon by which an initially homogenous membrane prepared outside the two-phase region, develops liquid domains during the hydrolytic activity. By image analysis the evolution in membrane domain areas is followed during hydrolysis.
Materials and Methods

Materials
1,2-Dioleoyl-sn-Glycero-3-Phosphocholine (DOPC), 1,2-Dipalmitoyl-sn-Glycero-3-Phosphocholine (DPPC), Cholesterol (Chol), 1-Oleoyl-2-Hydroxy-sn-Glycero-3-Phosphocholine (Oleoyl-LysoPC), 1-Palmitoyl-2-Hydroxy-sn-Glycero-3-Phosphocholine (Palmitoyl-LysoPC), where obtained from Avanti Polar Lipids. Palmitic Acid (PA), Oleic Acid (OA) and other chemicals where from Sigma. 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (DiIC 18 ) was obtained from Invitrogen. Wild type porcine pancreatic Phospholipase A 2 was a gift from Novozymes A/S (Bagsvaerd, Denmark).
Ultrapure MilliQ water (18.3 MΩ·cm) was used in all steps involving water. HEPES buffer (10 mM HEPES, 150 mM NaCl, 30 µM CaCl 2 and 10 µM EDTA) was prepared at pH=7.5 by mixing appropriate amounts of HEPES and HEPES sodium salt. Muscovite mica (75mm×25mm× 200 µm sheets) was from Plano GmbH, Germany. Mica sheets of 10 mm x10 mm were glued onto round (0.17 mm, Ø24 mm) microscope coverslips using a transparent and biocompatible silicone glue (MED-6215, Nusil Technology, Santa Barbara, CA). Immediately prior to use, the mica was cleaved with a knife leaving a thin and highly transparent mica film on the coverslip.
Preparation of double membrane islands
The preparation of fluid membrane islands is an extension of the methodology we recently developed [21] for preparing single supported membranes by hydration of spincoated lipid films. This procedure is somewhat different from conventional protocols in that the formation of dehydrated, stacked bilayers by self-assembly takes place during the spincoating step. The subsequent hydration and annealing serves to equilibrate the membrane in an aqueous environment and to release excess bilayers into solution.
The present version of the method consists of two steps: (1) Fabrication of a dry spincoated lipid film followed by (2) controlled hydration/annealing of the film. To prepare a dry spincoated lipid film on mica we used a stock solution of 10 mM total lipid with 0.7 % DiI-C 18 in a hexane/methanol (97:3 volume ratio) solution. A droplet (30 µl ) of this lipid stock solution was then applied to freshly cleaved mica with a size 10 mm x 10 mm and immediately thereafter spun on a Chemat Technology, KW-4A spin-coater at 3000 rpm for 40 s. This created a dry multilayered lipid film which was then placed under vacuum in a desiccator for 10-15 hours to ensure complete evaporation of solvents. The dry spin coated film was subsequently hydrated by immersing the sample in HEPES buffer followed by heating in an oven to 80
• C for 1 hour.
The sample was then placed on the fluorescence microscope (see below) and flushed with 80
By monitoring the response of the lipid film with 4X magnification, the removal of lipid layers could be accurately controlled. Typically, only the center of the sample was flushed and this completely removed all but the lowest bilayer in this region. Some distance away from the flushed region, lipid multilayers where present, while in the transition zone one could routinely localize round double bilayer islands situated on top of the lowest bilayer. Once such a region with round bilayer islands had been localized, the sample was allowed to cool to 20
• C and to relax for at least 1 hour prior to the addition of PLA 2 .
Fluorescence Microscopy
Epi-fluorescence microscopy of the lipid film was performed with the sample placed with the lipid side facing up in a custom made microscope chamber (2 ml volume) and placed on a Nikon TE2000 inverted microscope and using an oil immersion objective (Plan Apo, 60X, NA=1.4, Nikon). Fluorescence excitation was done with a halogen lamb and using a G-2A filtercube (Nikon). Images were recorded with a high sensitivity CCD camera (Sensicam em, 1004x1002 pixels, PCO-imaging, Kelheim, Germany) and operated with Camware software (PCO). Lipid hydrolysis was initiated by completely exchanging the HEPES buffer in the microscope chamber with a HEPES buffer containing PLA 2 without drying or moving the sample. Images were recorded at 10 second intervals. A total of 300-500 images where recorded pr. experiment. All experiments were conducted at room temperature (20 • C).
Image analysis
Image analysis of the fluorescence time series was automated with custom m-files written in Matlab T M .
Segmentation of the island to detect the total island area as well as the areas of the liquid ordered and liquid disordered phases was done by conversion to binary images by a cut-off approach. Two different cutoff values were employed with the purpose of: (1) Separating the island outer contour from the underlying membrane and (2) for separating the L o and L d phases within the membrane island. Segmentation by this approach is possible if the distribution of the lipid dye among the two membrane phases is different in the proximal and the distal membranes. To be more specific consider the following reasoning: Let H and L denote the fluorescence intensity of the L d and L o phases in the membranes island and let l and h denote the corresponding intensities in the underlying membrane. Segmentation according to the criteria (1) and (2) mentioned above is possible given the following inequalities: L>h-l (1) and H-L>h-l (2). This is for example satisfied for the values (H,L)=(0.7,0.3) and (h,l)=(0.6,0.4). That such intensity differences do exist is confirmed by direct evaluation of the pixel intensities in the measured images (not shown). One possible explanation for the different partitioning of the dye in the upper and lower bilayers can be that the probe (DiI-C 18 ) is positively charged and therefore attracted to the negative mica. This attraction may influence the partitioning of the dye among the membrane phases and will be larger for the proximal than for the distal bilayer. Note that the cut-off values were gradually decreased with time to compensate for slight photobleaching during the time-series. By color-coding the two resulting images, the segmented islands could be visualized as shown in figure 4 (insert).
Results
PLA 2 activation by a ternary membrane prepared in the coexistence region
The specific membrane model system used in this work consists of secondary membrane islands separated from the mica substrate by a primary membrane adjoining the support ( figure 1A ). Due to its flatness, mica is normally the substrate of choice for Atomic Force Microscopy (AFM) on supported membranes, but we have found that mica also provides an ideal and uniform substrate for fluorescence studies of supported membranes. Although glass has superior optical properties compared to mica, its micro-roughness can interfere with the formation of lateral membrane structures. For this reason, fluid membrane islands typically do not appear round on a glass substrate due to pinning of the membrane edges by glass protrusions. The substrate indicated in figure 1A consists of a mica sandwiched with a glass coverslip using a transparent and biocompatible silicone elastomer. This system takes advantage of the flatness of mica as substrate, but at the same time provides optimum optical transparency by allowing the mica to be cleaved to an ultrathin film which is mechanically supported by the glass. The total thickness of the substrate sandwich can be kept below the working distance (210 µm) of our high NA oil-immersion objective. Double supported membranes are known from several studies to display domain patterns which are in very good agreement with the structures found in the corresponding free-standing membranes [23] . We have previously demonstrated [22] that double supported membranes can be used as an appropriate model system to investigate PLA 2 activity by time-lapse recording of fluorescence images during the lipid degradation. In this process, the membrane islands maintain a uniform round shape which is easily detected by image analysis algorithms. By invoking a simple model it is possible to extract parameters from the image data describing enzyme turnover and enzyme-membrane binding constants. This analysis suggested that PLA 2 mainly attacks the membrane island at the exposed edges while little or no activation occurs on the membrane surface. The present work can be viewed as a continuation of these studies to investigate the PLA 2 activation by domain forming ternary membranes. Figure 1B shows the phase diagram of DOPC, DPPC, Cholesterol membranes determined by fluorescence microscopy of GUVs. The phase diagram is only partially known, but much attention has been dedicated by Keller et. al. [37] in mapping the boundary of the two-phase region (red line). Membranes prepared inside this coexistence region display phase separation into two fluid domains which we denote liquid ordered L o and liquid disordered L d phases. The precise composition of the membrane domains is given by drawing a tie-line from the membrane composition to the boundary of the coexistence region. The approximate direction of the tie-lines goes from the DOPC vertex to the 1:1 point of the DPPC,cholesterol edge [38, 39] . Consequently, the L o phase is enriched in DPPC and cholesterol while the L d phase is enriched in DOPC. The lipid dye (DiI-C 18 ) used in this study partitions preferentially into the L d domains such that L o domains appear dark in the fluorescence images. Both phospholipids (DOPC,DPPC) used in this study are potential substrates for PLA 2 if presented to the enzyme in a conformation which matches the active site. Figure 2A shows an example of a membrane island with the composition (I) as indicated in figure 1B. Both the upper and the lower membranes display domain formation and therefore overlapping domain features are observed in the region of the island. Domains in the island are generally larger than in the lower membrane due to interaction of this membrane with the support, limiting the lateral lipid mobility [23] . The fluid nature of the domains is evident from their rounded shapes. Both domain types are exposed at the edge of the island where PLA 2 activation will occur.
Upon addition of PLA 2 to the fluid cell at time t=0 s hydrolysis proceeds immediately as observed by a gradual decrease in the area of the island ( figure 2A-2F ). No lag phase is observed, in agreement with our previous observations of pure POPC membrane islands. The absence of a lag phase can be attributed to the exposure of the free membrane edge at the island boundary which provides suitable defect sites for the enzyme to attack immediately. During hydrolysis two distinct features are observed. One is the coalescence of domains and the formation of larger domain structures. This coarsening dynamics is inherent to a membrane that is cooled into the coexistence region [23] , but appears accelerated by the activity of PLA 2 . The other distinct feature is the decrease in the relative area of the bright L d phase as compared to the dark L o phase. If allowed to proceed for extended times the bright phase eventually disappears while the dark phase remains static. However, as seen in figure 2F the fraction of the total island edge which presents the bright phase to the enzyme decreases during hydrolysis and eventually only thin domain stripes extent to the edge. This will limit the accessibility of PLA 2 to the bright phase and slow down the reaction. A striking example of this is found in the small bright domain inclusions inside the dark phase (bright circle in figure 2F ). These domain inclusions resist hydrolysis over the entire interval shown in figure 2A-2F, probably because they are not connected to the island edge and therefore not readily accessible to the enzyme.
In order to examine the properties of each of the two domain types in figure 2, several islands each consisting of one single homogenous phase were now prepared outside the coexistence region and exposed to PLA 2 .
PLA 2 activation by an L d -membrane prepared outside the coexistence region: Domain formation
The results presented in figure 2A-2F demonstrates substantial changes to the domain pattern and the domain areas after exposure of the membrane to PLA 2 . In order to understand this behavior in more detail it is relevant to examine the response of membranes consisting of uniform L d and L o phases. Figure 3A shows a membrane island with the composition (II) marked in the phase diagram of figure 1B and corresponding to a ratio of DOPC,DPPC and Cholesterol of (75, 20, 5) . This point falls just outside the (L o ,L d ) coexistence region and based on generic tie-lines calculated by McConnell [39] this approximates the composition of the bright L d phase in composition (I) ( figure 2A) . When the membrane island with composition (II) in figure 3A is subjected to hydrolysis by addition of PLA 2 , a gradual decrease in membrane area is initially observed. After a decrease in membrane area by approximately 30 %, dark domain features starts to nucleate in the island ( figure 3B ). The total area of these dark domains is increasing while the total membrane area continues to decrease ( figure 3B-3F ). The emerging dark domains are clearly in a fluid state as seen by the rounded shapes of these domains and the fact that dark domains coalesce into larger domains that are also round. An example of domain coalescence is shown in the marked region (circles) of figure 3D-3E. Lateral diffusion of dark domains in the bright matrix is observed, such as in images taken around the time of figure 3C . However, when dark domains contact the island edge they are permanently immobilized at the edge and take on a distorted lens-like shape. This behavior suggests a 2D wetting phenomenon where L o domains are occupying the island edge. This is likely to be driven by a smaller line tension of the L o compared to L d domain which makes it energetically favorable for the system to distribute the L o phase at the island edge.
The domain formation observed in figure 3 is quite intriguing and implies that the compositional changes to the membrane caused by PLA 2 activity are sufficiently large to induce domain formation. The dark domains in figure 3 have a striking similarity to the liquid ordered domains observed for a membrane prepared in the coexistence region ( figure 2A ). The PLA 2 -induced domains are excluding the fluorescent probe which also suggests that the lipid packing properties are similar to the L o phase. For these reasons, we will refer to the PLA 2 -induced domains in figure 3B-3F as liquid ordered.
Quantification of domain areas
There are several common features between the results obtained in figure 2 and figure 3 . In both cases the activity of PLA 2 leads to changes in the ratio between L o and L d domains such that the area ratio A Lo /A L d increases during PLA 2 activity. These common features can be examined further if the domain areas and the total membrane area are quantified. This has been done in figure 4 which shows a quantitative analysis of the image data in figure 2 and figure 3 corresponding to the initial compositions (I) and (II). The plots show the absolute areas of the L o and L d phases within an island as well as the total island area.
While the total membrane area is decreasing monotonically in both figure 4A and 4B this decrease is the sum of opposite changes in the area of L o and the L d phases. In fact, the area of the L d phase is decreasing in both cases while the area of the L o phase is either zero or increasing. For the island in figure 2 it is somewhat surprising that the area of the dark L o phase is increasing, since this fact is not obvious from a visual inspection of the images. It clearly demonstrates that hydrolysis is not just simply leading to removal of material from the L d phase, but also modifies the global lipid composition and thereby leading to an increase of the L o phase.
A common property of the curves in figure 4A and 4B is that both systems go through a crossover point were the majority phase changes from being the L d to becoming the L o phase while the overall area decreases. However, an important difference is that the dynamics in figure 4A is significantly slower than in 4B because the island in the first case is larger and therefore has a smaller perimeter to area ratio. Since PLA 2 activation occurs preferentially at the membrane edge, the rate of area change dA/dt scales with the perimeter length L [22] .
Control experiments
Formation of the liquid ordered phase in membranes requires the presence of cholesterol [40] which induces a chain ordering of saturated phospho-or sphingolipids such as DPPC. The PLA 2 -induced appearance of a liquid ordered-like phase in figure 3 therefore suggests that the cholesterol content of this system might play a critical role in the domain formation observed during hydrolysis. To test this hypothesis, another membrane composition without cholesterol was chosen. This is marked (III) in figure 1B and is a binary mixture of DOPC,DPPC in the ratio (85:15). This composition is quite close to the point (II) in the ternary phase diagram, but with the difference that cholesterol is absent.
The thermal phase diagram of the DOPC,DPPC system displays a broad solid/liquid-disordered coexistence region, as calculated by Elliott et al. [41] . At 20
• C the composition (III) falls outside this coexistence region corresponding to the membrane being in a uniform L d state. Figure 5A shows a membrane island prepared with the composition (III). Upon hydrolysis of this membrane island by PLA 2 , a gradual decrease in membrane area is observed, but without the formation of domains. No domains are formed, not even after a more than 50% decrease in the total membrane area ( figure 5C ). This is a clear result which demonstrates that when cholesterol is removed, the domains observed in figure 2 are no longer appearing. It supports the notion that the PLA 2 -induced domains are in a liquid ordered state since figure 5A-5C demonstrates that cholesterol is required for their formation. The increase in the area of the liquid ordered phase as observed in the curves of figure 4 indicates that the phospholipid component of this phase is resistant to hydrolysis. This resistance against PLA 2 activation was confirmed by another control experiment in which a homogenous membrane island in the L o state was prepared. Figure 5D shows such a membrane island with composition (IV=62:35:3) in figure 1B. Based on the phase diagram in figure 1B this composition corresponds to a uniform L o membrane. When this membrane is subjected to PLA 2 for prolonged times, no area change can be observed suggesting that PLA 2 is not activated by this membrane ( figure 5D-5F ). This result points to a critical role of cholesterol in regulating PLA 2 activation and suggests that cholesterol is able to partially of completely block the activation of PLA 2 by DPPC.
Another issue concerns the possible role of the reaction products (Lyso-PC and Fatty Acid) in modifying the membrane domain morphology. Hydrolysis of both phospholipids in a ternary membrane with composition DOPC,DPPC,Chol yields 2 reaction products per phospholipid such that a partially degraded membrane may in principle have 7 components. The extend to which these reaction products partition into the remaining bilayer or are carried into solution is not known with certainty. This im-portant issue determines whether a partially degraded membrane island can be mapped onto a ternary phase diagram or not. A successful correlation of initial reaction rates with the phase diagram of binary mixtures [42] have demonstrated that this is potentially a powerful approach for rationalizing PLA 2 activation.
First of all it should be noted that a decrease in the total membrane area as observed in the islands of figure 2 and 3 is evidence that a net removal of material takes place during reaction. Our previous study [22] of PLA 2 activation by one-component POPC membrane islands has given some further insight into the possible accumulation of reaction products. In this study, the decrease in membrane area was used as input to a simple kinetic model which gave an estimate of turnover numbers as well as PLA 2 -membrane binding constants. Turnover numbers compared favorably with literature values determined by bulk assay, indicating that the area decrease could be quantitatively linked to a known enzyme activity. In this study, a control experiment using β-cyclodextrin (βCD) was carried out to ensure removal of reaction products by complexation to βCD. The result showed that the measured turnover numbers were unaffected by addition βCD thus confirming that the reaction products did not have a significant influence on the measured areas. However, the PLA 2 -membrane affinity decreased upon βCD addition which indicates that removal of the negatively charged reaction products lowers the attraction of PLA 2 to the membrane. Thus, low-level accumulation of reaction products around the site of the enzyme cannot be ruled out. However, this accumulation is not large enough to affect the total membrane area and is therefore not likely to significantly influence the global lipid composition.
In the present study it not possible to make a similar control experiment with βCD because this would also remove cholesterol from the membrane. Alternatively, we study the impact of the reaction products by attempting to prepare membranes containing these components. Figure 6A shows a single supported ternary membrane with the composition (I) inside the (L o ,L d )-coexistence region. This membrane exhibits domain formation. Control samples were now prepared where each of the phospholipids in this system were replaced with the corresponding reaction products. Thus figure 6B shows membrane in which DPPC is replaced with its reaction products (Palmitic acid and Palmitoyl-LysoPC) and in figure 6C DOPC is replaced with Oleic Acid and Oleoyl-LysoPC. These membranes containing the reaction products were prepared by spincoating as described in section 2. The resulting membranes could only be made to cover the support surface in patches and double membranes could not be prepared. These observations testify to the membrane destabilization induced by the reaction products. In the images of both figure 6B and 6C domains are absent. The absence of nanoscale domains was confirmed by separate AFM imaging of these membranes (not shown). It is likely that the membranes in figure 6B and 6C do not contain the same proportion of products as in the coating solution. If this is the case, it means that such high concentrations of products are also unlikely to be present in the membrane islands. Therefore this control shows that when attempting to incorporate reaction products at high concentrations the resulting membranes are domain-free in contrast to the original ternary membranes without reaction products.
Correlation with phase diagram trajectories
Taken together, the results described above indicate that reaction products may possibly be present locally in the membrane where PLA 2 is active, but at levels which do not significantly influence the global membrane composition. Moreover, reaction products are unlikely to be responsible for the PLA 2 -induced domain formation in figure 3 and it should therefore be explained by a different mechanism. Based on these considerations, it is appropriate to attempt an interpretation of the results in figure 2 and figure 3 using the hypothesis that partially degraded membrane islands can be mapped onto the ternary phase diagram in figure 1B . The typical lipid lateral diffusion constant D L for fluid membranes with cholesterol is on the order of 10×10 −12 m 2 /s [43] . This gives an average 2D displacement over the time interval between image frames (t=10 s) of r 2D = √ 4D L t=20 µm. Comparing with the island size in figure   2 and 3, r 2D is so large that the islands are unlikely to develop a lateral compositional heterogeneity and therefore an equilibrium description of the entire island is justified. There are several possible schemes for the changes in the membrane composition during hydrolysis depending on differences in the relative removal of DPPC and DOPC (dashed lines in figure 1B) . Considering the island with composition (II) in figure 3A we can disregard a selective removal of DPPC since this would move the composition in the opposite direction of the coexistence region. Another possibility is selective removal of DOPC which shifts the composition on a line (purple) touching the border of the coexistence region. Removal of DOPC and DPPC with equal probability creates another line (orange) also at the border of the coexistence region. None of these options can account for the observed trends in figure 3 .
A last option is that the membrane approaches a specific stoichiometric ratio of DPPC and cholesterol, for example (1:1). This gives rise to a line (blue) running across the coexistence region which would imply formation of (L o ,L d ) domains during hydrolysis. This model is motivated by the proposition of McConnell and Radhakrishnan [44, 45, 39] that so-called condensed complexes in ternary membranes may form between cholesterol and the saturated lipid component (DPPC). The average stoichiometry of the complexes is typically taken as 1:1. An obvious possibility is now that DPPC, when part of such condensed complexes, is inaccessible to PLA 2 and therefore resists hydrolysis. This may happen even if the complex formation does not lead to large scale phase separation. Assuming now that phospholipids which are not associated with cholesterol are removed with an equal probability, this creates the blue line in figure 1B . In this scenario the point 1:1 (DPPC,Cholesterol) becomes an attractor that the membrane composition approaches during hydrolysis. Figure 7 plots the ratio of L o to L d domain area versus the total island area. The total island area has been normalized to the value where the L o and L d phases have equal areas such that all data sets traverse the point (1,1) . The figure shows simulated data (solid line) corresponding to the blue trajectory in figure 1B and also indicated in the insert of figure 7. For simplifying the calculation of the L o /L d ratio, it was assumed that this trajectory coincides with a tie line, in agreement with theoretical predictions [39] . Figure 7 also includes the data for island (I) and (II). For increasing time (decreasing total area), the simulation shows nucleation of the liquid ordered domains at around 45 % of the initial membrane area. There is an overall excellent agreement between the simulated trajectory and the data for island (I) and (II), but with the data for island (II) showing a slightly faster initial increase in the L o area. The simulation also accounts for the evolution in domain areas of island (I). Thus, figure 7 demonstrates that, to a first approximation, a quantitative correlation can be made between the measured evolution in L o ,L d domain areas and a simulated trajectory in the ternary phase diagram. The trajectory approaches a 1:1 stoichiometric ratio of DPPC,cholesterol. But given the uncertainties in the phase diagram and the tie lines, the current analysis cannot discriminate between trajectories towards a slightly different stoichiometry than 1:1. However, the analysis in figure 7 clearly indicates that the notion of resistant condensed complexes provides a better description of the measured trends than the alternative options described by the purple and orange tracks in figure 1B .
It is useful to reconsider the behavior of the membrane with initial composition (III) in figure 5A-5C and attempt an interpretation of this result in terms of the binary DOPC,DPPC phase diagram. This membrane did not develop domains during hydrolysis indicating that DOPC and DPPC was removed with equal probability. If DOPC had been preferentially removed, the composition would eventually have shifted into the adjoining solid-fluid coexistence region of the DOPC,DPPC phase diagram [41] and solid domains would have emerged. The fact that domains remain absent upon hydrolysis of composition (III) while domains are forming in composition (II) clearly points to a critical role of cholesterol in protecting DPPC against hydrolysis by PLA 2 .
It is well established that cholesterol induces acyl chain ordering and has a lateral condensing effect on DPPC membranes above the main melting point. Molecular dynamics simulations by Smondyrev et. al. [46] have provided further atomistic insight into the molecular conformations of mixed DPPC,cholesterol membranes. Interestingly, this study demonstrated that there is a strong tendency of the sn-2 carbonyl oxygen of DPPC to form hydrogen bonds with the carboxyl group of cholesterol. Moreover, recent experiments and simulations by Peters et. al. [47, 48] have shown that chemical modifications to natural lipid substrates will influence PLA 2 activity by modifying water access to the active site. The simulations also revealed that Ca 2+ stabilizes the lipid substrate by coordination to the sn-2 carbonyl oxygen. It is possible that cholesterol may compete with Ca 2+ in coordinating to the DPPC sn-2 carbonyl oxygen atom. At the same time access of water to the active site may also be influenced by cholesterol. It therefore appears likely that formation of DPPC,cholesterol complexes may interfere with the delicate steric conditions in the active site that are necessary for hydrolysis to occur. This in turn, might explain why PLA 2 is not activated by DPPC membranes in the L o phase. Biomembranes are structurally and compositionally much more complex than binary and ternary model systems and a straightforward correlation is not possible. However, cholesterol has been shown to be a key lipid for the formation of fluid domains in biomembranes such as pulmonary surfactants [49] . It is likely that cholesterol will also be an important regulator of PLA 2 activation in biomembranes and facilitate protection of certain substrate species by formation of condensed complexes or liquid-orderedlike membrane phases. It should also be mentioned that PLA 2 has been linked to atherosclerosis [50] . Thus overexpression of human PLA 2 (type IIa) in mice correlates with elevated atherosclerotic lesions [51] . In this context, the present study points to a mechanism whereby membranes with elevated cholesterol content can be generated by PLA 2 activation.
Conclusion
The present work has demonstrated that PLA 2 is capable of inducing substantial changes in the domain morphology of ternary membranes containing two phospholipids and cholesterol. Control experiments confirm that this behavior is tightly coupled to cholesterol which, although not itself hydrolyzed by PLA 2 , appears as a key lipid for regulating PLA 2 activation and the resulting membrane domain pattern. An important clue is that PLA 2 is not activated by a membrane in the L o phase. An attempt is made to rationalize the observed trends using the hypothesis that the ternary phase diagram can be used to map partially hydrolyzed membrane islands. In this picture, specific trajectories in the ternary phase diagram are constructed describing the compositional changes. The possible accumulation of reaction products was investigated previously [22] and these results lend support to the validity of this approach. The results are in accordance with the formation of condensed cholesterol/DPPC complexes in which DPPC resists hydrolysis through its affinity to cholesterol. During hydrolysis the membrane will then approach a PLA 2 -resistant stoichiometric ratio between DPPC and cholesterol. Such trajectories can account for the current experimental observations.
The results underline that PLA 2 catalyzed hydrolysis of a phase separated fluid membrane does not simply imply static removal of material from one phase. Rather, the global lipid composition is altered according to a specific underlying principle in which cholesterol is a key player. The trajectories towards one common attractor point in the phase diagram is a visual representation of such a principle. The changes in the global lipid composition will impact the membrane domain morphology depending on how the trajectories are localized with respect to coexistence regions of the phase diagram.
This study has demonstrated the usefulness of membrane islands as a novel biophysical membrane model system. The double supported membrane design virtually eliminates previous problems of supported membranes related to interactions with the solid support. The size of the membrane islands used in this study correspond well to typical cell-sizes as well as to the typical size of GUVs used for confocal microscopy. In contrast to spherical membranes, the planar geometry of the membrane islands facilitates image analysis and quantification of the membrane and domain areas. 
Figure 5
Control experiment testing the influence of PLA 2 on membrane islands with initial composition (III) and (IV) marked in figure 1 and with the time after PLA 2 injection as indicated. The fluid binary membrane (III) displays area decrease without domain formation at any time of the reaction (A-C). Conversely, the initial composition (IV) corresponding to the liquid ordered phase is resistant to hydrolysis and exhibits no detectable area change .(Scale bar 20 µm).
Figure 6
Control experiment demonstrating absence of domains in membranes containing the reaction products. Domains in a single supported membrane with composition (I) is shown in (A). When the DPPC of the membrane (I) is replaced by its hydrolysis products (Palmitic acid and Palmitoyl-LysoPC) membrane domains are absent (B). The same absence of domains is observed in (C) when DOPC of the membrane (I) is replaced with the corresponding hydrolysis products (Oleic Acid and Oleoyl-LysoPC).(Scale bar 10 µm)
Figure 7
Plot of the ratio of L o to L d domain area versus the total island area. The total island area is normalized to the value where the L o and L d phases are equally large. This normalization enables a comparison of data for island (I) and island (II) displayed in figure 4 . Black line is data for a simulated trajectory across the L o ,L d -coexistence region as shown in the insert. For the simulated trajectory it is assumed that the trajectory is also a tie line such that the composition of the domains is given by the intercepts with the phase boundaries (green circles). Blue and red points are data from island (I) and (II) of figure 4 respectively. 
